INTRODUCTION {#s1}
============

Complex and multiple immune related mechanisms allow the uterus and the placenta to mount powerful responses to infection (bacterial, protozoal and viral), but at the same time to tolerate fetus' paternal allo-antigens, both inside the mother's womb and in the blood circulation of both mother and fetus \[[@R1]\]. Five days after fertilization, the human zygote develops into a structure consisting of 2 primary cell lines: the inner cell mass (or embryoblast) and the trophoblast \[[@R2]\]. Trophoblast cells constitute the outer layer of the blastocyst, and rapidly proliferate and invade the maternal endometrial decidua around day 7. A monolayer of cytotrophoblast cells surrounds the embryonic disc as the embryo completely embeds beneath the uterine decidua. By day 9, cytotrophoblast cells have differentiated into 2 distinct cell types: the syncytiotrophoblast and the extravillous trophoblast (EVT). The multinucleated syncytiotrophoblast cells form the external layer and are terminally differentiated. These cells are involved in fetomaternal nutrient exchanges and endocrine functions (such as β-human chorionic gonadotropic). In contrast, EVT cells have a proliferative and invasive phenotype, migrating through the syncytiotrophoblast into the uterine wall to anchor the placenta beginning around day 14 after implantation \[[@R3]\]. These EVT cells display a phenotype strikingly similar to cancer cells, with capacity for proliferation, migration and establishment of blood supply, making them a compelling model for oncologic comparison \[[@R4]\].

During pregnancy, the endometrium becomes a specialized tissue (named decidua), with a very special microenvironment characterized by placental tissue invasion and a high proportion of leukocytes (40--70%). These leucocytes have unique regulatory functions to allow both for fetus' immune defense against microbial pathogens and feto-maternal tolerance. The major immunological regulating cellular populations are: macrophages, dendritic cells (also antigen presenting), regulatory T cells (Treg), and uterine decidual natural killer cells (dNK cells). All these play important roles in establishing tolerance and maintaining the homeostatic environment that is crucial for normal fetal development. Endothelial cells and fibroblasts may also be indirectly involved. Human fetal placenta itself, mainly through trophoblast cells and cytokines, is able to induce homeostatic M2 macrophages and Tregs \[[@R5]\].

The different immune related genes similarly over or under expressed in cancer and placental microenvironments --- that we recently described by applying Nanostring genomics \[[@R6]\] --- are unlikely to be due to a "single regulatory cell or pathway", but are more likely to be the combined result of gene expression changes of cytokines, receptors, transcription factors, and other immune regulatory genes (of the 750 panel tested), in several if not all of these four main stromal immune cellular types. At present we are unable to propose any single immune regulatory pathway to explain these gene expression patterns which apparently confer "placental/decidual properties" to cancer tissues (primary breast cancer and metastatic LN) of our single clinical-molecular case report. In this paper, we analyze the same tissues (normal breast, malignant breast, normal axillary lymph node, metastatic axillary lymph node, uterine decidua and placenta at 39 weeks of pregnancy), from the same patient, from an epigenomic point of view (by CpG islands methylation status). Human decidual natural killer cells (dNK) are a unique NK cell subset with a profound immunomodulatory potential \[[@R7]\]. dNK cells are rather different from other CD56 bright CD16 dim NK cells, and their specific function in uterine decidual stroma remains still unclear. NK cells are a rather heterogeneous group of innate lymphoid cells and have been traditionally related to anti tumor immune responses \[[@R8]\]. Most studies have referred to circulating peripheral blood NK cells (pNK cells) \[[@R9]\], which are quite different from tumor infiltrating NKcells (TINKs). In fact, there is increasing evidence that tumor microenvironment may induce a specific gene expression signature that renders TINK cells less tumoricidal and perhaps contribute to cancer progression \[[@R10], [@R11]\]. Uterine decidual NK cells (not the same as endometrial NK cells in non-pregnant uterus) are quite distinct from the rest \[[@R12]\]. Human CD56 bright CD16 dim NK cells accumulate in the maternal decidua during early pregnancy, making up 70% of tissue lymphocytes in first trimester, and then gradually decrease. They are found in direct contact with fetal trophoblasts. The specific functions of these decidual NK cells during early pregnancy are mostly unknown. Activated dNK cells can produce angiogenic factors (VEGF, ANG2) that promote spiral artery remodeling, secrete cytokines (GM-CSF, CSF-1, TNFα, INFγ, TGFβ, LIF, IL2, CXCL10, CXL12) that direct the migration and invasion of the trophoblast, and interact directly with trophoblast antigens by expressing surface receptors such as killer immunoglobulin-like receptor (KIR) and immunoglobulin-like transcript-2 (ILT2) \[[@R12]\].

Several mechanisms have been proposed to explain the inability of NK cells to kill the semi-allogeneic fetal cells. But perhaps their mission goes beyond, and there remains the intriguing possibility that at least some of these cells are paradoxically meant to feed and protect fetal cells from immune destruction. Hanna et al. \[[@R12]\] proposed, on the basis of genomic expression, that dNK cells but not peripheral blood-derived NK subsets, regulate trophoblast invasion both *in vitro* and *in vivo* by production of the interleukin-8 and interferon-inducible protein-10 chemokines. Furthermore, dNK cells are potent secretors of an array of angiogenic factors and induce vascular growth in the decidua. Notably, such functions are regulated by specific interactions between dNK-activating and dNK-inhibitory receptors and their ligands, uniquely expressed at the fetal-maternal interface. However, decidual NK cells do have potent intracellular cytotoxic machinery in some of their cytoplasmic granules, including powerful Granzyme/Perforins \[[@R12]\]. Contrary to standard beliefs, it remains possible but unproven that during embryo implantation and early placentation, their killer activity might not be directed against non-self trophoblast cells but against the mother´s own T-lymphocytes, which would specifically recognize them as non-self and eliminate the fetus. Thus, dNK cells might paradoxically protect trophoblast cells, while at the same time are capable of activating Tregs and inhibit Th-17 responses by releasing cytokines or direct cell contact \[[@R13], [@R14]\].

It could be expected that this very "special" decidual/placental microenvironment is most suitable for tempering antigenic challenges, and different cellular immune engagements are also bound to be "special". All stromal cells (as in cancer) are expected to be potential "accomplices" of the physiological deceit or "betrayal" of the maternal immune system by the fetus, because the placenta was probably meant to protect the fetus rather than the mother.

How exactly do regulatory T cells work is still a matter of debate, not only in these contexts of feto-maternal tolerance and cancers, but also in many others \[[@R15]\]. Since 1988, when Göran Möller openly questioned the existence of "Suppressor T cells" \[[@R16]\] --- without questioning the existence of suppressive phenomena or findings that T cells can mediate suppressive effects --- considerable research efforts have added to the complexity of the subject. Unlike the little understood decidual or placental microenvironments, the best understood complex microenvironment where immune regulation and maturation occurs, is probably the thymus \[[@R17]--[@R22]\]. In the thymus, progenitor survival and lineage commitment require the TCR to interact with self-peptide MHC ligands on epithelial cells in the thymic cortex. These receptor-ligand interactions occur over a great range of affinities both because of the diversity of the TCR combining site amino acids, and because of the diversity of self-peptides displayed by each MHC allele. Quantifiable differences in TCR affinity for peptide-MHC (pMHC) complexes result in rather different selection outcomes, establishing the basis for positive and negative selection \[[@R17]--[@R22]\]. Weak TCR signals support positive selection, whereas strong agonist signals support the removal of a potentially self-reactive TCR through negative selection. Evolution also generated a system to allow thymocytes to 'see' a large array of self-peptides during development. This snapshot of 'self' happens in the medulla of the thymus via a specialized population of medullary thymic epithelial cells, mTECs \[[@R23]\]. These cells express a gene known as autoimmune regulator (AIRE) \[[@R21]\]. AIRE is a transcriptional regulator that permits expression of a diverse array of strictly tissue-restricted peripheral antigens within the thymus, to eliminate T cells with too strong affinity for any of these antigens \[[@R17]--[@R22]\]. Hence, thymocytes must express TCRs with very high sensitivity to peptide MHC (pMHC) signals received during maturation, to protect the host from allowing a self-reactive TCR to survive. Moreover, it is also true that thymocytes must express TCRs with the ability to transduce signals for very weak, low-affinity pMHC molecules to support positive selection. If they fail to recognize self pMHC and provide a TCR-specific survival signal, they undergo apoptosis via a process known as death by neglect. Therefore, a thymocyte's fate is probably ultimately determined by its specificity and affinity for self pMHC. During carcinogenesis, according to the general immune vigilance concept, Tumor-associated antigens (TAAs), which could be upregulated self-antigens, altered-self antigens as a consequence of post-translational modifications or neoantigens generated by mutagenic events in tumor cells, may drive the early and rapid expansion of Treg cells \[[@R24]\]. Failure to kill tumor cells bearing such antigens presumably leads to escape from immune vigilance and to cancer progression. Several authors have published the detection in both human placenta and human cancers of specific gene products with immunoregulatory potential not usually expressed in normal somatic tissues \[[@R25]--[@R27]\]. Other differentially expressed genes identified by microarray gene profiling \[[@R28]\] have been associated with both preeclampsia and cancer growth, including several regulators of angiogenesis and immune responses. Finally, some recent work by Jasti et al. \[[@R29]\] provides evidence that immune response to a model shared placenta/tumor-associated antigen reduces cancer risk in parous mice. In this elegant pre-clinical model chicken ovalbumin (OVA) was used as a surrogate shared placenta/tumor antigen and OVA-bred mice had prolonged survival as compared to virgin mice: the progression of tumors was delayed in comparison to wild-type bred and virgin females. Paternally inherited OVA antigen elicited a CD8+ T cell response during pregnancy that was associated with delayed growth of OVA-expressing tumors following pregnancy. These results suggest a possible role of antigen-specific T cells in protecting parous females against tumors bearing shared placental/tumor antigens. Thus feto-maternal tolerance and cancer escape from immune vigilance are unlikely to be due to the action or activities of single isolated cell types or gene products, but of complex interactions in the tissue microenvironment of several cell types and biological regulatory peptides and molecules.

RESULTS {#s2}
=======

CpG methylation patterns were analyzed in all six samples. The methylation average for each CpG island was calculated for each of the tissue samples. Then, CpG islands with different methylation patterns between "self" (normal breast and normal lymph node) and "non-self" (breast cancer, metastatic lymph node as well as decidua and placenta) were searched for as described in Methods. Both supervised and unsupervised hierarchical clustering (Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}) confirmed a much closer relationship in CpG island methylation patterns between malignant (primary breast cancer and metastatic LN) and placental/decidual tissues, than between malignant tissues and their normal counterparts (normal breast and normal LN). Full methylation status in all genes analyzed are shown in [Supplementary Table 1](#SD2){ref-type="supplementary-material"}.

![Unsupervised CpG island methylation\
(**A**) Schematic diagram of hierarchical clustering of the different tissues (malignant lymph node, decidua, breast carcinoma, normal placenta, normal lymph node and normal breast) taking all of the values of CpG islands from [Supplemental Table 1](#SD2){ref-type="supplementary-material"} and calculating the "epigenetic distance" between the different tissues. Malignant tissues (breast cancer and metastatic lymph node) cluster more together with decidua/placenta tissue, as compared to normal lymph node and normal breast. (**B**) Hierarchical clustering HeatMap of the different tissues (malignant lymph node, decidua, breast carcinoma, normal placenta, normal lymph node and normal breast) colour coded (red: non-methylated; green: methylated).](oncotarget-09-6028-g001){#F1}

![Supervised CpG island methylation hierarchical clustering heat-map\
Heatmap representation of the 343 selected features (rows) resulting from analysis of the different biopsies of the patient (columns), showing a differential methylation. Red denotes hypermethylation, green hypomethylation.](oncotarget-09-6028-g002){#F2}

With regards to histopathology and immunohistochemistry (IHC), (Figure [3](#F3){ref-type="fig"}) we did not find significant numbers of CD56+ or CD16+ NK subsets in our patient's primary breast cancer (lobular breast carcinoma stage pT2 pN2a Mo, luminal-A, with low Ki67 positivity), but found very significant IHC staining of CD56++ and CD16++ cells in placenta and decidua tissue from unrelated abortions (not used as "controls", but to look for NK cells in "early" placental tissues) at 6--10 weeks of gestation secondary to embryonic natural death. This confirms the abundance of dNK cells in early pregnancy microenvironments. Some positive but much weaker staining was also found in the decidua of the 39-weeks pregnant uterus of our clinical case, (Figure [3A](#F3){ref-type="fig"} and [3B](#F3){ref-type="fig"}). In our placental/decidual materials from spontaneous abortions in first trimester, trophoblast cells surrounded by lymphocytes with NK characteristics and CD56++ or CD16++ staining were abundant. But it is unclear if these cells were truly part of the physiological normal placental tissues in early pregnancy, or consequence of the pathological process which led to the death of the embryo and to abortion. We did not have liquid or fresh frozen samples from our clinical case (or controls), and we were unable to perform FACS analysis of "bright versus dim" NK cellular subsets on these samples.

![Representative tissues from decidua and placenta from our clinical case, at week 39 of pregnancy, and (named "controls" for illustrative purposes only) unrelated abortions secondary to embryonic natural death in first few weeks of pregnancy, immuno stained with CD56 and CD16 illustrating different tissue densities of dNK-cells\
Spontaneous abortions materials were used to identify NK cells next to trophoblasts but not for any specific comparison with our clinical and pathological case. (**A**) CD 56 immunostains strongly positive in abortion cases ("controls") chorial villi (×400) and decidua (×400) (Top and Bottom Left), and weakly positive in case villi (×400) and case decidua (×400) (Top and Bottom Right). (**B**) CD 16 immunostains strongly positive in abortion cases ("controls") chorial villi (×400) and decidua (×400) (Top and Bottom Left), and weakly positive in case villi (×400) and case decidua (×400) (Top and Bottom Right). No appreciable CD56 or CD16 staining was found in the primary breast cancer (and this is why these data are not shown).](oncotarget-09-6028-g003){#F3}

Several important regulatory genes related to the immune response, angiogenesis and inflammation are differentially hypermethylated in their CpG regulatory DNA islands in both malignant (primary breast LBC and metastatic LN) and placental tissues ([Supplementary Table 2](#SD3){ref-type="supplementary-material"}), as compared to normal breast and LN. Of these, "nuclear factors of activated T cells" (NFAT) genes are some of the most interesting (Figure [4](#F4){ref-type="fig"}), with some of the clearest variations in expression between normal breast and LN tissues (with lower CpG island methylation) and placental/malignant tissues (with considerably higher CpG methylation). NFATp (also named NFATc2) and NFATc1 are two genes whose CpG island methylation patterns are more clearly differentially methylated in the "non-self" tissues of our clinical case (decidual/placenta and malignant breast and metastatic LN), as opposed to the "self tissues" (normal breast and normal LN) (Figure [4](#F4){ref-type="fig"}). The nuclear translocation of NFATc2 (also known as NFATp or pre-existing) is regulated by calcium and calcineurin, and inhibited by potent immunosuppressive drugs like cyclosporin A and tacrolimus. Methylation of CpG islands in DNA regulatory regions usually leads to under expression of the corresponding genes. But, in spite of similar levels of CpG island methylation in the "non-self" tissues (Figure [4](#F4){ref-type="fig"}), these transcription factor genes are expressed rather differently. For example, NFATc 1 and 2 gene expression (as detected by Nanostring genomics, see [Supplementary Table 2](#SD3){ref-type="supplementary-material"} in ref. \[[@R6]\]) is decreased by approximately 50% in the primary breast cancer as compared to normal breast, in accordance with much higher CpG island methylation (Figure [4](#F4){ref-type="fig"}). But, surprisingly, these genes are overexpressed (more than double) in the metastatic LN than in the normal LN, even if their CpG islands methylation patterns are similar to the primary breast cancer tissue. These discrepancies suggest that the two microenvironments (primary breast cancer and metastatic LN) differ, and probably diverse regulatory gene expression mechanisms, other than simply CpG island methylation, are at work in the metastatic lymph nodes.

![NFATc (nuclear factor of activated T cells) genes 1 and 2\
CpG islands methylation patterns differentially expressed between "self" and "non-self" tissues. CpG island methylation level of the NFATC1 (**A**) and NFATC2 (**B**) genes, showing differential methylation between normal breast and lymph node biopsies in comparison with decidua, normal placenta, breast carcinoma and malignant lymph node.](oncotarget-09-6028-g004){#F4}

DISCUSSION {#s3}
==========

Our analysis of CpG island methylation patterns and differential profiles in "self" (normal breast and normal LN) versus "non-self" (placenta/decidua and malignant breast or LN) confirm our genomics findings \[[@R6]\] of rather similar patterns of gene expression between uterine microenvironment in pregnancy and cancer. In fact, both unsupervised and supervised hierarchical clustering (genomic and epigenomic) confirm closer clustering patterns between decidua/placenta and malignant tissues, than between normal breast and malignant breast, or normal LN and malignant LN. [Supplementary Tables 1](#SD2){ref-type="supplementary-material"} and [2](#SD3){ref-type="supplementary-material"} provide detailed information on specific genes and CpG islands methylation patterns.

Our genomic analysis (using Nanostring PanCancer Immune Kit) showed that 258 immune related genes were upregulated and 44 genes downregulated in breast tumor versus normal breast tissue. And 178 genes were upregulated while 146 genes downregulated in tumor bearing lymph node versus non-involved lymph node \[[@R6]\]. Many of the genes and promoter regions are similarly differentially methylated at CpG islands in these same tissue samples, and overexpressed or underexpressed in the same fashion. This is true also for immune-related genes and pro-tolerogenic and angiogenic proteins. These complex results in one single clinical case need confirmation in further studies (both clinical and pre-clinical), but strongly suggest that several cell types in the microenvironment are involved in feto-maternal tolerance and possibly also in cancer immune escape. Among the main cell types in the stroma, six of them are associated with many of the gene products over- or underexpressed or similarly methylated at CpG islands (see genomic [Supplementary Tables 1](#SD2){ref-type="supplementary-material"} and [2](#SD3){ref-type="supplementary-material"} in ref. \[[@R6]\], and epigenomic [Supplementary Tables 1](#SD2){ref-type="supplementary-material"} and [2](#SD3){ref-type="supplementary-material"} in this paper): macrophages, dendritic cells, myeloid-derived suppressor cells, B-lymphocytes, T-effector cells, and NK cells. Although we found no evidence of significant dNK cells in the primary breast cancer of our patient, and only limited presence in decidua/placenta at 39-weeks of gestation, there are a number of interesting publications that suggest a very special role for these NK subtypes, both in pregnant uterine and malignant microenvironment. If dNK cells do play a role in protecting the fetus from maternal immune attack, they should do so very early on in pregnancy (when their cellular NK density is at its peak in decidua/placental tissue, and clearly before immunological rejection of the fetus). Similarly, during carcinogenesis, if similar NK cells play a role in eliminating anti-tumor endogenous T cells, this must happen early on in cancer development, before the time of malignant cell escape from immune vigilance. Although the presence of Tumor-Infiltrating Natural Killer (TINK) within a tumor bed may be indicative of an ongoing immune response toward the tumor, and often carries a better prognosis, many studies have paradoxically shown that an intense NK infiltration can be associated with advanced disease, and may even facilitate cancer development \[[@R30], [@R31]\]. The exact role of the tumor infiltrating NK cells and the correlation between their presence and poor prognosis remains a matter of controversial debate. Levi et al. \[[@R32]\] have elegantly demonstrated by IHC and FACS (fluorescent activated cell sorting) a significant enrichment of a CD56 brigh CD16 dim NK cells within several tumors. These NK cells express several dNK-like markers, including VEGF among others. Curiel et al. \[[@R31]\] have previously demonstrated a specific recruitment of regulatory T cells (Treg) into ovarian cancer tissue. These cells have inhibitory activities toward CD4 helper and CD8 cytotoxic T cells. These authors further established a correlation between the number of tumor-derived Treg cells and patient's survival. Hence, attracting these regulatory cells to tumor beds may represent a mechanism by which tumors may evade the host immune response. Levi et al. \[[@R32]\] characterized TINK cell subsets and demonstrated that similarly to early decidua, there is a significant enrichment of the CD56 brigh CD16 dim NK subset, and that these cells express the pro-angiogenic factor VEGF, making cancer microenvironments somewhat similar to decidual microenvironment \[[@R32]\].

We did not find appreciable numbers of CD56+ or CD16+ NK subsets in our patient's primary breast cancer (LBC, pT2 pN2a Mo), with immunohistochemistry (IHC) compatible with "Luminal A subtype" (data not shown because IHC for CD56 and CD16 was essentially negative in the primary tumor). We found very significant IHC staining of CD56++ and CD16++ cells in placenta and decidua tissue from unrelated abortions at 6--10 weeks of gestation, secondary to natural embryonic death. These results confirm the abundance of dNK cells in early pregnancy microenvironments, although in these cases the presence of these NK cells could also be part of the pathological process that led to the natural death of the embryo. There were also frequent trophoblasts surrounded by lymphocytes with NK characteristics and CD56++ staining. The decidua of our 39-weeks pregnant uterus showed a positive but relatively weak staining with CD56 and CD16 IHC (Figure [3A](#F3){ref-type="fig"} and [3B](#F3){ref-type="fig"}). CD56 (also known as Neural cell adhesion molecules, NCAM, or Leu19) is a membrane glycoprotein homophilic cell adhesion molecule, that was originally isolated in relationship with its role in neural cell adhesion. But it is also a good marker of human NK cells, as during hematopoietic differentiation CD56 is the prototypic marker of NK cells, though also present on a subset of CD4+ T cells and some CD8+ T cells. CD16 has been identified as Fc receptors FcγRIIIa (CD16a) and FcγRIIIb (CD16b). These receptors bind to the Fc portion of IgG antibodies, which then activate the NK cell for antibody-dependent cell-mediated cytotoxicity \[[@R33]\].

Unlike peripheral blood pNK cells, dNK cells are only weakly cytotoxic against standard cancer cell lines (e.g., K562), and do not normally kill trophoblast cells \[[@R34]--[@R36]\]. This is intriguing, as dNK cells are large lymphocytes with prominent cytoplasmic granules containing perforin, granzymes, and granulysin, which suggests that other, noncytolytic functions of these proteins are important \[[@R37]--[@R39]\]. Although dNK cells do not normally kill, they might become cytolytic in certain situations, such as CMV infection, in which cellular stress is detected by the NKG2D receptor \[[@R40]\]. Human dNK cells are confined to the mucosa, endometrium and decidua, and they can probably derive from several pools \[[@R41], [@R42]\], like pre-existing resident endometrial NK cells (eNK), peripheral blood NK precursors or uterine CD34+ cells in the human endometrial mucosa. dNK cells function has been proposed to be to cooperate with trophoblast cells to guarantee correct arterial remodeling, ensuring the supply line to the growing fetus. But it is also possible (yet speculative) that relevant dNK cells in the decidual microenvironment might also attract and selectively destroy some immune competent T-effector cells, from the idiotype/anti-idiotype maternal pool, with affinity TCR for at least some but not all paternal antigens. Perhaps similarly, tumoral dNK-like cells present at the most vulnerable time of carcinogenesis (when immune escape occurs) could destroy "*in situ*", before they expand in numbers, the relevant immune competent clones of some host T-effector cells potentially capable of tumor antigen recognition. As a result, the immune system of the host is unable to suppress malignant growth, and local tissue invasion or metastasis occur. Following this critical phenomenon, residual TINKs may persist in variable numbers in tumor microenvironments \[[@R32]\], or perhaps disappear altogether, as in our clinical case and other cancers. We are aware that we do not provide direct evidence for this particular hypothesis, may be because our tissue samples could have "well past" that presumably "critical window of time" for both these events, namely early trophoblast implantation or early carcinogenesis and immune vigilance escape. Besides the already mentioned fact that T cells, antigen-presenting cells and possibly B cells are also likely to play key roles in both feto-maternal tolerance and cancer escape from immune vigilance. However, dNK cells and TINKs are usually classified as part of the innate immune system, an evolutionary older defense strategy than the adaptive immune system, and this concept can also have important evolutionary implications. For example, it remains unknown why most epithelial cancers are more aggressive in their malignant properties (local tissue invasion and metastasis) in mammals than in invertebrates, or indeed in other vertebrate animals like fish, reptiles or even the most recently evolved birds \[[@R43]\]. This more aggressive and potentially lethal cancer behavior is perhaps surprising in organisms such as mammals, with a far more sophisticated and powerful immunological network than non-mammals. Unless they can ectopically and inappropiately express key immune vigilance escape gene programs, evolved precisely from mammals, to allow for feto-maternal tolerance. Males do obviously not have uterine decidual tissues, but perhaps at least some of their regulatory immune cells (NK cells or T cells or others) can be induced (at some specific time points during carcinogenesis) to ectopically express those "placental gene programs" responsible for our proposed "allo-selective T-effector cell neutralization", abrogating any remaining immune vigilance role. This does not rule out other T cell regulatory mechanisms as recently shown by Jasti el al. \[[@R29]\] who, in an elegant mouse model, have shown that paternally inherited OVA antigen elicited a CD8+ T cell response during pregnancy that was associated with delayed growth of OVA-expressing tumors following pregnancy. These results suggest a possible role of antigen-specific T cells in protecting parous females against tumors bearing shared placental/tumor antigens.

Co-evolution of Human Leukocyte Antigen (HLA) Class I Ligands with Killer-Cell Immunoglobulin-like Receptors (KIRs, like those present in dNK cells), during the emergence of founding populations of modern humans (Homo Sapiens Sapiens) in Subsaharan Africa, might have driven specific genomic placental feto-maternal tolerance immune mechanisms while protecting the fetus from important endemic parasytes, like pathogenic malarial *Plasmodium falciparum* \[[@R44]\]. Some of the potential peptides or proteoglycans involved might perhaps be also related to recently described chondroitin sulphate CS-oncofetal antigens, which have been identified in both cancer stromal microenvironments and on the membrane surface of some trophoblast cells \[[@R45]\]. This CS-antigen expression in the extra cellular matrix (ECM) is of particular interest with regard to immune surveillance, because ECM-associated glycosaminoglycans (GAGs) have been affiliated with the immune process for decades \[[@R46]\]. Using a specific placental glycan-binding malaria protein, Salanti et al. \[[@R45]\]. have demonstrated that placental-like glycans are widely expressed in human tumors, with absent-to-low expression in normal tissues other than placenta. By conjugation of cytotoxic compounds to this protein, they recently demonstrated its capacity to specifically target cancer cells and block tumor growth "*in vivo*". The "immunological synapse" in the decidual microenvironment between dNK cells and trophoblast cells --- or the one that might occur at some early point during carcinogenesis in tumor microenvironment between TINK-like cells and tumor cells --- might have evolutionary conserved molecular mechanisms, implicating complex and specific recognition patterns at the "synapse" between glycoproteins and specific immune peptides or proteins \[[@R47]--[@R52]\].

On balance, we provide circumstantial genomic and epigenomic evidence for a previously unreported biological phenomenon: cancers may somehow "hijack" gene programs evolved over millions of years to allow for feto-maternal tolerance (in placental mammals), in order to escape from immune vigilance and spread as malignant local invasive cancer or metastasis. Exactly how they do it, or what are the precise molecular and cellular mechanisms by which these ectopically expressed genes facilitate escape from immune vigilance, is not known, and we cannot prove or disprove them. Other alternative or complementary mechanisms to the main one proposed here are, of course, also possible. Human cancers are genetically and epigenetically heterogeneous from the moment they are clinically diagnosed, so that even effective chemotherapies often merely select preexistent chemo-resistant cellular clones. But it is well known that most cancers (and their metastasis) "evolve" and may accumulate "new mutations" and "new antigenic epitopes" as they progress, so that their local microenvironment should maintain a pro-tolerogenic milieu (locally and perhaps systemically) until the cancer is cured or the patient dies. Once cancer microenvironments have adopted the placental pro-tolerogenic gene programs, they must be capable of using them to escape from immune control (whatever the precise mechanisms), at each successive round of new tumor antigen expression by cancer cells or evolution of neoantigen landscapes.

Nielsen et al. \[[@R53]\] found that both subsets of human NK cells, CD56dim and CD56bright, kill activated CD4+T cells. Although CD56dim NK cells are typically cited as being the more cytotoxic subset, due to higher levels of perforin, granzymes and cytolytic granules, other studies have shown that following activation, CD56 bright NK cells are equally, if not more, cytotoxic and can use other powerful cell killing pathways like, for example, TRAIL \[[@R54]--[@R57]\]. Nielsen's study confirms that both CD56 NK subsets are equally cytotoxic following IL-2 activation, and are equally efficient at T cell killing if these T cells are already activated and not resting \[[@R53]\]. Degranulation by NK cells towards activated CD4+ T cells was enhanced by some cytokines or chemokines and not by others, depending on specific repertoires of activating (NKG2D and others) or inhibitory receptors (like inhibitory killer cell immunoglobulin-like receptors iKIR) and specific ligands. It also depends on the fine tuning of "Dim" or "Bright" phenotypes for both CD56 and CD16 membrane antigens. In the case of feto-maternal antigens on trophoblasts at the placenta/decidual level, and to our knowledge, no one has yet shown selective NK killing of those specific maternal CD4+ T cells activated by paternal allo-antigens. Regulation of immune response in NK cells has been shown \[[@R58]\]. upon CD16 ligand binding, and it is also induced by the activation and expression of the so-called "nuclear factors of activated T cells" (NFATc1 and NFATc2), which are two genes whose CpG island methylation patterns are more clearly differentially activated in the "non-self" tissues of our patient (decidual/placenta and malignant breast and metastatic LN), as opposed to the "self tissues" (normal breast and normal LN) (Figure [4](#F4){ref-type="fig"}). Several important regulatory genes of the immune response, angiogenesis and inflammation are differentially hypermethylated in their CpG regulatory DNA islands, in both malignant and placental tissues ([Supplementary Table 2](#SD3){ref-type="supplementary-material"}). Of these, NFAT genes are some of the most interesting and with the clearest variation in CpG islands methylation between normal breast and LN tissues (with low CpG island methylation) and placental/malignant tissues (considerably higher CpG methylation). NFAT proteins were first discovered in T cells in the 1980s, as transcriptional activators of interleukin-2 (IL2), a key regulator of T cell immune response, that at the time was also successfully introduced into practice as immune therapy for some renal cancers and malignant melanoma \[[@R59], [@R60]\]. Treatments with Rhu-IL2 were reasonably active in some malignancies but toxic, often requiring admission to intensive care unit (ICU) for cytokine-cascade related shock. The potent immunosuppressants cyclosporine A and tacrolimus inhibit the NFAT pathway to reduce rejection in patients receiving organ transplantation \[[@R59], [@R60]\]. Thus, the markedly increased CpG island methylation (and decreased gene expression) of NFATc genes 1 and 2 (Figure [4](#F4){ref-type="fig"} and [Supplementary Table 2](#SD3){ref-type="supplementary-material"} in ref. \[[@R6]\]), that we have found in the primary breast cancer of our patient (but not in the metastatic LN), could result in a potent localized "cyclosporine-A like immunosuppressive effect" to the benefit of cancer cells in the primary cancer stroma but not in the metastatic LN.

With regards to oncogenes and tumor suppressor genes, NFATc1 signaling has been associated with changes in the malignant properties of transformed cells by different mechanisms, at times contradictory \[[@R61], [@R75]\]. In general, the overexpression of these genes has been reported as pro-oncogenic, though in some experimental models they have paradoxically tumor suppressor effects \[[@R62]\]. These apparently contradictory effects are probably due to the weak DNA binding property of NFAT, which requires that NFAT partners or couples molecularly with other factors to execute transcription regulation, like GATA to control heart development, FOXP3 to regulate immune tolerance, or AP-1 to trigger T cell response. Finally, NAFTc genes 1 and 2 have been known to be key factors as "positive regulators" to both vertebrates evolution and T and B cell activation and differentiation \[[@R63], [@R64]\], while their effect in NK cell antitumor reactivity has been recently suggested to be "negative" \[[@R65]\].

It is now widely accepted that NK cells can shape the adaptive immune system by influencing T cells in different stages of their lifespan. During T cell priming, NK cells indirectly alter T cell responses by affecting dendritic cells (DCs), another major potential cellular player in this context. Reciprocally, DCs are also able to modulate NK cells and this bidirectional interaction affects the emerging T cell response \[[@R66]\]. Human CD56 bright NK cell subset is most prominent in peripheral lymphoid òrgans, compared with the CD56 dim subset which mostly circulates. CD56 bright cells derived from healthy individuals can suppress autologous CD4 T cell proliferation under inflammatory conditions \[[@R67], [@R68]\]. These fundamental and evolutionary ancient processes are probably relevant to our hypothesis on placental and malignant regulatory microenvironments, and deserve further scrutiny in the context of both feto-maternal tolerance and immune escape during carcinogenesis. It seems plausible to speculate that during the evolution of placenta (presumably from non placental mammals over 100 million years ago) the uterine microenvironment evolved mechanisms of feto-maternal tolerance by developing different ways to limit autoimmunity as, for example, in chronic viral infections. Mechanisms like NK cells control of CD4+ T cell responses, or ways of modulating CD8+ T cell responses and possibly also B cell responses.

Our two studies (genomic and epigenomic) on a single pregnant breast cancer patient, provide us with a first complex and data-dense glimpse on the molecular parallelism between placental and cancer microenvironments. But they are only a «photo» at one particular time and of one particular case. Only when we will have the full "movie-picture", in different cases and times, from different experimental and clinical models, we should be able to fully comprehend the nature of the incredible evolutionary jump that gave birth to placental mammals over 100 million years ago \[[@R69], [@R70]\], and perhaps also to the higher risk of malignant epithelial cancers. In this respect, it is intriguing that the two surviving species of non placental mammals (Australian Echidna and Platypus Ornithorhyncus) have breast tissue (ducts and lobules) but seldom (if ever) are report to die naturally from breast cancer, and although they can suffer from neoplasia, aggressive metastatic epithelial carcinomas are uncommon as a cause of death, even if their life span can be considerable (up to 45 years in short beaked echidnas) \[[@R71], [@R72]\].

MATERIALS AND METHODS {#s4}
=====================

Clinical case {#s4_1}
-------------

In 2000, a 32 years-old pregnant woman with a palpable breast lump underwent delivery of non-identical twins by C-section at week 39 of a normally developing pregnancy. A total hysterectomy was performed during C-section to control for profuse bleeding, caused by attempting manual separation of the complex membranous placenta with velamentous umbilical cord insertion. Following histological confirmation of the malignant nature of the breast nodule, the patient underwent right mastectomy and axillary lymphadenectomy (with removal of 15 lymph nodes). The tumor was reported as invasive lobular breast carcinoma (LBC) stage pT2 pN2a Mo (5/15 axillary lymph nodes with metastatic disease), with immunohistochemistry (IHC) compatible with "Luminal A subtype" (ER+, PR+, HER-2 negative and Ki67 5% positivity) and histological evidence of vascular and lymphatic invasion by cancer cells, and some *in situ* lobular carcinoma as background component. The patient received standard of care adjuvant chemotherapy, loco regional radiotherapy and adjuvant hormone therapy (tamoxifen for five years) and was followed for over ten years without evidence of loco-regional or distant recurrence.

Histopathology {#s4_2}
--------------

Representative tissues from decidua and placenta from this clinical case, and unrelated first trimester abortions, secondary to embryonic natural death, were fixed in 10% formalin buffered at room temperature for 24 hours. Samples were paraffin embedded, cut into 5 µm-thick sections and stained according to hematoxilin-eosin standard techniques. Additional sections were stained with immunohistochemical procedures for detection of CD56 (Cell Marque clone MRQ-42), and CD16 (Cell Marque clone SP175).

Methylation profiles {#s4_3}
--------------------

Per sample, one section of 10 μm from the FFPE biopsy blocks were hematoxylin-eosin stained and reviewed by a pathologist to mark tumoral tissue areas. Between 6 and 8 sections of 10 μm were used to isolate genomic DNA, and a macroscopic dissection was performed on those previously annotated regions. DNA extraction was done following standard indications of manufacturer's DNA isolation kit (E.Z.N.A. FFPE DNA isolation kit, Omega Bio-tek, Norcross, GA, USA). Obtained gDNAs were quantified using a fluorimetric method (Qubit, ThermoFisher Scientific, Waltham, MA, USA). Bisulfite conversion of 250 ng of genomic DNA was performed using EZ DNA methylation kit (Zymo Research. Irvine), following manufacturer's instructions. Two hundred ng of bisulfite converted DNA were used for hybridization on the Illumina Infinium MethylationEPIC BeadChip (Illumina, Inc. San Diego), following previously published description \[[@R73], [@R74]\]. Fluorescent signals from the microarray were measured with a HiScan scanner (Illumina, Inc. San Diego) using iScan Control Software (V 3.3.29).

Methylation analysis {#s4_4}
--------------------

Microarray intensities were normalized against control probes of the microarray, using the mini package (preprocess Illumina), and background level adjusted. All beta values with an associated *p*-value greater or equal to 0.01 were removed from the analysis. Average methylation was computed per CpG island using the manufacturer's annotation file for the MethylationEPIC BeadChip. For genes without an annotated CpG Island, the average methylation level of the promoter (CpGs annotated to be located on TSS200, TSS1500, 5'UTR or 1stExon) was computed instead. Analysis of the average methylation variance for each CpG island / Promoter was done differentiating among the 3 samples groups (1: Normal breast and lymph node; 2: Decidua and normal placenta; 3: Breast carcinoma and malignant lymph node). The Tukey's 'Honest Significant Difference' method was applied to calculate adjusted *p*-values. The following criteria were used to select differentially methylated CpG islands: CpGs islands / Promoters whose absolute methylation difference was greater or equal to 0.2 between groups 1--2 and 1--3 and whose associated FDR *p*-value were lower or equal to 0.05. All hierarchical clustering were performed over the Manhattan distances aggregated by ward's linkage. Assessment of uncertainty of the hierarchical clustering was performed using Pvclust package (nboot = 1000) under R statistical environment.

SUPPLEMENTARY MATERIALS TABLES {#s5}
==============================
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LN

:   lymph node

T-reg

:   regulatory T cell

EVT

:   extravillous trophoblast

NK

:   natural killer

TINK

:   tumor infiltrating NK cells

VEGF

:   vascular endothelial growth factor

TCR

:   T cell receptor

MHC

:   major histocompatibility complex

IHC

:   immunohistochemistry

LBC

:   lobular breast carcinoma
